I
n 1979, one of us (R.L.L.) and Dobyns reported a ''surface replacement arthroplasty (SRA)'' for the proximal interphalangeal joint 1, 2 . The aim of the design was to preserve the collateral ligaments of the proximal interphalangeal joint and unload the component stems 2, 3 . Modifications in prosthetic design have been introduced over time.
After evaluation of previous implant designs, it was determined that there was a need to create balanced flexor and extensor tendon force across the proximal interphalangeal joint by attempting to restore normal moment arms through the development of a semiconstrained surface replacement proximal interphalangeal joint design based on anthropomorphic data (SR PIP, SBi, New York, NY) [1] [2] [3] [4] [5] [6] [7] (see Appendix). This implant has a stemmed, bicondylar proximal phalangeal component milled from cobalt-chromium (CoCr) alloy. The middle phalangeal articulating surface is machined from ultra-high molecular-weight polyethylene. Both components have a stem designed to fit the internal contours of the medullary canal. The low-profile design Disclosure: One or more of the authors received payments or services, either directly or indirectly (i.e., via his or her institution), from a third party in support of an aspect of this work. In addition, one or more of the authors, or his or her institution, has had a financial relationship, in the thirty-six months prior to submission of this work, with an entity in the biomedical arena that could be perceived to influence or have the potential to influence what is written in this work. No author has had any other relationships, or has engaged in any other activities, that could be perceived to influence or have the potential to influence what is written in this work. The complete Disclosures of Potential Conflicts of Interest submitted by authors are always provided with the online version of the article.
of the SR PIP reduces the amount of bone removed and preserves the integrity of the collateral ligaments. In theory, stability is enhanced by preserving bone stock and collateral ligaments beyond what can be accomplished with use of a silicone spacer.
Indications for using the SR PIP include pain and deformity associated with primary degenerative osteoarthritis or posttraumatic arthritis in the elderly. Contraindications for use of the SR PIP include current or chronic infection, loss of the extensor mechanism, loss of flexor tendon function, a poor soft-tissue envelope, incompetent collateral ligaments, or incompetence of the volar plate of the proximal interphalangeal joint. Relative contraindications include the presence of a static swan-neck or boutonnière deformity. The use of the SR PIP in older patients with rheumatoid arthritis of the proximal interphalangeal joint has been considered controversial to date [2] [3] [4] [5] [6] [7] . In 1997, we reported the initial results of use of the SR PIP after a mean duration of follow-up of 4.5 years 4 . The purpose of the present retrospective review is to provide a longer follow-up of the SR PIP over a thirty-year period at a single institution.
Materials and Methods

Study Patients
I n this single-institution study, fifty-nine patients were identified from the total joint registry at the Mayo Clinic as having had implantation of one or more prostheses. Of these fifty-nine patients, thirty-six with a total of fifty-one joints treated with the SR PIP agreed to return for postoperative evaluation at a mean of 9.7 years (range, 1.0 to 31.8 years) postoperatively. Additionally, eleven patients with a total of sixteen joints treated with the SR PIP had died; the information regarding these patients' demographics and implant failures was obtained from medical records to supplement the data on the aforementioned thirty-six patients to form a cohort of forty-seven patients who were analyzed for implant failure. The mean duration of follow-up for these eleven patients whose data were obtained from medical record review was 5.9 years (range, 0.1 to 18.1 years). The remaining twelve patients refused to participate in the study for no other reason than an inability to travel. In total, this study included fortyseven patients with a total of sixty-seven joints treated with the SR PIP from August 1974 through December 2007 and followed postoperatively for a mean of 8.8 years (range, 0.1 to 31.8 years).
When comparing patient characteristics and surgical data between the thirty-six patients who returned for postoperative follow-up and the eleven deceased patients, we observed no noticeable differences except for age at surgery (median, sixty years versus sixty-seven years; p = 0.085) and preoperative diagnosis-i.e., rheumatoid arthritis (18% versus 50%; p = 0.019) or osteoarthritis. All other patient characteristics and surgical data were similar between the thirty-six patients who returned for postoperative follow-up and the eleven who died (all p ‡ 0.13). Preoperative patient characteristics and surgical data are summarized in the Appendix separately for the thirty-six patients who returned for postoperative follow-up, the eleven deceased patients, and the combined overall cohort of forty-seven patients. Preoperative pain was evaluated on the basis of symptoms recorded in the medical record at the time of preoperative evaluation and was judged to be absent or indeterminate, mild, moderate, or severe on that basis. Sixty-six percent of the patients were female. Osteoarthritis was the most common diagnosis (75%), the dorsal approach was the most common surgical approach (84%), and cement was used for 72% of the implants.
At the time of clinical follow-up, the thirty-six patients who returned to the Mayo Clinic, Rochester, Minnesota, were evaluated by a single surgeon who was not involved in the patients' original surgery. The evaluation consisted of a clinical history and physical examination; radiographs of the affected hand; and assessments with a pain visual analog scale (VAS), Disabilities of the Arm, Shoulder and Hand (DASH) questionnaire, and Short Form-36 (SF-36) questionnaire. The physical examination was aided by the use of a finger goniometer (Devore Pocket Goniometer; North Coast Medical, Gilroy, California), a Jamar dynamometer (Los Angeles, California), and a pinch strength gauge (B&L Engineering, Santa Ana, California). Implant failure was defined as implant revision surgery, implant removal and arthrodesis, or digital amputation ( Fig. 1-A and  1-B) . 
Surgical Technique
For a description of the surgical technique, see the Appendix.
Statistical Analysis
Numerical variables were summarized with the sample median, minimum, and maximum. Categorical variables were summarized with the number and percentage. The Kaplan-Meier method was used to estimate the cumulative incidence of implant failure after surgery along with 95% confidence intervals (CIs), with censoring at the date of the last follow-up for patients who did not experience this end point. Associations of patient and surgical characteristics with implant failure were evaluated with use of Cox proportional hazards regression models, with a marginal models approach used to account for the correlation of outcomes for implants within the same patient 8 ; relative risks and 95% CIs were estimated. Two small patient groups (treatment of the small finger and use of the lateral surgical approach) could not be included in the Cox regression analysis, although cumulative incidences of implant failure were estimated, because of the lack of implant failures.
Associations of age at surgery and cement use with postoperative outcomes (active range of flexion and extension, total active range of motion, flexion and extension lag, grip strength, appositional pinch strength, VAS pain score, SF-36 physical component summary [PCS] and mental component summary [MCS] scores, and DASH score) were evaluated with use of linear regression models adjusted for follow-up duration and including a random effect for patient in order to account for the correlation of outcomes for implants within the same patient (joint-specific outcomes only); only patients who did not experience implant failure were included in this portion of the analysis as their outcomes corresponded to the first implant. P values of £0.05 were considered significant, and no adjustments for multiple testing were made in these exploratory analyses. Statistical analyses were performed with use of S-Plus (version 8.0.1; Insightful Corporation, Seattle, Washington).
Source of Funding
Funding was provided by the World Arthrosis Organization, Heidelberg, Germany, which did not play a role in the investigation or study outcomes.
Results
A t a mean of 8.8 years postoperatively, fifty-nine (88%) of the sixty-seven joints studied remained in situ, yielding an estimated cumulative incidence of implant failure of 3% (95% CI: 0% to 7%) at one year, 5% (95% CI: 0% to 10%) at two years, *The relative risks and p values result from Cox proportional hazards regression models, in which a marginal models approach was used to account for the correlation of outcomes for implants within the same patient. NA = not applicable. †Because none of the patients with an affected joint in a small finger experienced implant failure, it was not possible to include this group of patients in the Cox regression model; as such, the p value for the affected joint reflects a comparison of implant failure among the index, long, and ring fingers. ‡Because none of the patients with a lateral surgical approach experienced implant failure, it was not possible to include this group of patients in the Cox regression model; as such, the p value for the surgical approach reflects a comparison of implant failure between the dorsal and volar surgical approaches.
8% (95% CI: 1% to 14%) at three years, 11% (95% CI: 3% to 19%) at five years through ten years, and 16% (95% CI: 4% to 26%) at fifteen through twenty-five years (Fig. 2) . The results of the evaluation of associations of implant failure with the affected joint, preoperative diagnosis, whether the implant was in the dominant hand, age at surgery, sex, surgical approach, and cement use are shown in Table I . The surgical approach was the only variable showing a significant association with implant failure, with implant failure occurring more often after the volar approach (as compared with the dorsal approach) (Fig. 3 ). This Estimated cumulative incidence of implant failure after surgery. The dashed lines represent 95% confidence intervals. Estimated cumulative incidence of implant failure according to surgical approach.
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association, however, may have been biased as the volar approach may have been preferentially chosen on the basis of finger deformity in some patients. Although the associations were not significant, implant failure occurred more often in patients with rheumatoid arthritis than in those with osteoarthritis (p = 0.17) and more often in the long digit than in the index and ring digits (p = 0.11). Figures 3, 4 , and 5 show the estimated cumulative incidence of implant failure according to surgical approach, preoperative diagnosis, and affected joint, respectively. Whether the implant was in the dominant hand, age, sex, and cement use were not significantly associated with implant failure (all p ‡ 0.31). Estimated cumulative incidence of implant failure according to preoperative diagnosis. Estimated cumulative incidence of implant failure according to the affected joint.
Postoperative data at the time of follow-up of the forty-five joints (thirty-one patients) that did not experience implant failure are presented in Table II . The median VAS pain score was 3 (of a maximum of 100). On the basis of the chart review, twenty-six (72%) of the thirty-six patients had pain preoperatively, which was severe in six (17%), moderate in twenty (56%), and absent or not documented in ten (28%). Postoperatively, the median interphalangeal joint extension was 25°, median flexion was 64°, and median total active range of motion was 40°. On physical examination, 98% of the joints were stable. The median grip strength of the affected hand was 14 kg.
The results of the evaluation of associations of postoperative data with the age at surgery and cement use are shown in Table III for patients who did not have implant failure; all analyses were adjusted for the duration of follow-up. There was no significant evidence of any associations between age and postoperative data, although there was a non-significant trend toward less proximal interphalangeal joint extension (p = 0.091) as well as a smaller total active range of motion (p = 0.065) in older patients. Patients for whom cement had been used had significantly lower DASH scores (mean difference, 217.4, p = 0.033), and there were also non-significant trends toward a decreased VAS pain score (p = 0.083) and increased grip strength (p = 0.078) in patients in whom cement had been used. Given the variable number of implants and implant locations, the grip measurement comparison may have been misleading.
Analysis of the radiographs at clinical follow-up showed no evidence of infection, implant fracture, bone fracture, or nonunion. Eight digits had radiolucency about the prosthesis, and one prosthesis demonstrated frank radiographic loosening. The radiolucencies involved five prostheses that were implanted with cement and three that were implanted with a press-fit technique. Of the five cemented prostheses with radiolucency, four were in the middle phalanx only and one was in both the proximal and the middle phalanx. Of the three press-fit prostheses that had radiolucency, two were in the proximal phalanx only and one was in both the proximal and the middle phalanx. The patient with loosening was considered to have a complication, which is accounted for in the paragraph below as well. There was subsidence of seven implants, six uncemented and one cemented. In the uncemented cases, there was subsidence of both the proximal phalangeal and the middle phalangeal component in two digits, only the proximal phalangeal implant in one, and only the middle phalangeal implant in one. In the cemented case, both the proximal phalangeal and the middle phalangeal implant subsided. In general, radiolucencies around the prosthesis and implant subsidence were not considered complications since, in isolation, they did not compromise the patient's clinical result.
Of the patients who returned for clinical follow-up, fourteen had a total of twenty-two complications; four of them had an arthrodesis and two, an amputation. Complications were defined as any unexpected occurrence that potentially compromised the clinical result, such as swan-neck deformity, flexor and/or extensor tendon adhesions, prosthesis loosening, and arthrofibrosis. Complications included swan-neck deformity in five digits, flexor tendon adhesions in three patients, extensor tendon adhesions in three, triggering in one, loosening in two, mallet deformity in one, and digital ischemia after postoperative contracture release in one. There were thirteen additional surgical procedures in five patients who did not require implant removal; these procedures included extensor tenolysis in six digits, flexor tenolysis in four patients, contracture release in one finger, volar plate reconstruction in one patient, and a lateral band reconstruction in one patient (see Appendix). In the six fingers with implant failure among the fifty-one digits (thirty-six patients) evaluated at the time of follow-up, the causes of failure were due to swan-neck deformity (following a volar approach) in two, boutonnière deformity (following a dorsal approach) in one, loosening in one, flexor tenodesis in one, and digital ischemia following release of a flexion contracture in one. Eight surgical procedures were ultimately required in the six fingers with implant failure among the patients followed over the long term; these procedures included four implant revisions without soft-tissue reconstruction, three arthrodeses, and one amputation. We are also aware of two implant failures among the deceased patients, but we do not know how these were managed or how many additional surgical procedures were needed. *Information for some patients was unavailable for the following variables: active range of flexion (n = 3), active range of extension (n = 4), total active range of motion (n = 4), flexion lag (n = 5), extension lag (n = 12), ulnar deviation (n = 1), radial deviation (n = 1), normal joint stability (n = 1), grip strength (n = 3), appositional pinch (n = 6), SF-36 PCS (n = 2), SF-36 MCS (n = 3), and DASH (n = 3). †As a result of the properties of the median, the median total active range of motion does not equal the sum of the median active range of flexion and the median active range of extension.
Discussion
E
arly proximal interphalangeal joint replacements were hinged devices allowing a single axis of joint motion 3, [9] [10] [11] [12] . Burman reported the use of a Vitallium cap for proximal interphalangeal joint arthroplasty in 1940 10 ; this represented the first attempt at prosthetic replacement of the proximal interphalangeal joint. Other early digital implants were based on concepts similar to those for implant arthroplasty of the lower extremity 9-12 . Ashworth et al. 13 reported on silicone proximal interphalangeal joint implants followed for an average of 5.8 years.
Pain was not present in 67% of their patients, and prosthesis survivorship was 81% at nine years. This is less than the estimated 89% survival at the same time interval in our study of SR PIP implants. The average postoperative arc of proximal interphalangeal joint motion after treatment with the silicone implants was 29°in the study by Ashworth et al. compared with a median postoperative arc of motion of 40°in our study. Similarly, Lin et al.
14 reported on sixty-nine silicone proximal interphalangeal joint spacers (forty-eight for patients with primary or posttraumatic osteoarthritis). At a mean of 3.4 years postoperatively, the mean range of motion was 45°compared with 44°preoperatively. There were twelve joints with complications in the series by Lin et al., whereas there were twentytwo complications in fourteen patients in our series. Limitations of the silicone proximal interphalangeal joint implant include its lack of resistance to valgus loading at the index and long digits during the pinch maneuver [13] [14] [15] . It is generally believed that an SR PIP that preserves the collateral ligaments will achieve greater proximal interphalangeal joint stability 3, 4, 16 . Ash and Unsworth 1 demonstrated that an anatomically designed SR PIP could withstand pinch force in excess of 65 N. In our study, the failure rate among the index or long fingers was not significantly greater than that for the ring or small fingers, although the five-year cumulative failure rate for the long fingers was 20%. Although the differences were not statistically significant, the greater failure rate in the long fingers could signal greater loads borne by this digit due to altered pinch mechanics among the arthritic hands in our series. The findings of our study support the general notion that the semiconstrained, ligament-sparing SR PIP implants are an attractive reconstructive alternative for the index finger [2] [3] [4] [5] 12 . In our previous study 4 , sixty-six SR PIP implants were evaluated in forty-seven patients, with the majority of digits having osteoarthritis. At a mean of 4.5 years postoperatively, thirty-two joints had a good result; nineteen, a fair result; and fifteen, a poor result. In accordance with our current study, we found longer implant survival when the surgery had been performed through a dorsal approach 3 . The reasons for the higher failure rate with the volar approach in our experience remain unclear. With the dorsal approach, the central slip is vulnerable; with the lateral approach, the collateral ligaments are at risk. The volar plate and the flexor tendon sheath are at risk with the volar, or anterior, approach.
In our previous study 4 , proximal interphalangeal joint motion at the time of follow-up averaged 214°of extension and 61°of flexion, with a total average arc of motion of 47°. There was a 12°improvement in the flexion/extension arc compared *Regression coefficients and p values result from linear regression models adjusted for follow-up duration for patient-specific variables and additionally including a random effect for patient for joint-specific variables. For associations with age at surgery, regression coefficients are interpreted as the mean increase in the given variable corresponding to a ten-year increase in age at surgery. For associations with cement use, regression coefficients are interpreted as the mean increase in the given variable corresponding to cement use, in comparison with no cement use.
with the preoperative arc. Similar to that study, our current study with 9.7 years of follow-up revealed a postoperative median range of motion of 64°of flexion and 25°of extension with a median total arc of motion of 40°. Overall, our results indicate an estimated 16% failure rate for the SR PIP at fifteen through twenty-five years. Implant failure tended to occur more frequently in the patients with rheumatoid arthritis in our current series. The estimated risk of implant failure rate was nearly three times greater in patients with rheumatoid arthritis compared with patients with osteoarthritis, although this difference did not reach significance. These findings suggest that the SR PIP should be used cautiously in patients with rheumatoid arthritis. This potential difference in implant survival may be due to the effects that rheumatoid arthritis has on the soft tissues, specifically the radial and ulnar collateral ligaments and the volar plate.
In our study, neither the use of bone cement nor the age of the patient was associated with implant failure. It is possible that the surgical technique used in our series accounted for the similarity of the results between the cemented group and the press-fit group as well as the low incidence of loosening; however, patients in whom cement had been used had significantly lower DASH scores, although no association was found with the follow-up range of joint motion. Since there was no significant association between failure of the prosthesis and cement use, it is possible that the higher DASH scores indicated that the patients in the uncemented group were more disabled in general.
The results in our current series also compare favorably with those in previous reports on semiconstrained or nonlinked prosthetic joint replacements for the proximal interphalangeal joint. Johnstone reported on twenty SR PIP implants of the same type in thirteen patients 17 . At an average of fifteen months postoperatively, the arc of proximal interphalangeal joint motion was 49°and ten of the thirteen patients were satisfied with their result. In our series, total active proximal interphalangeal joint motion was 40°a nd pain measured 3 of 100 on the VAS. Although we could not perform a comparison with the preoperative status, it was documented that patients in our study reported pain preoperatively.
Johnstone noted radiographic evidence of subsidence of fourteen joint implants. Thirteen of these prostheses had been implanted without cement 17 . This experience caused the author to conclude that cementation of the prosthesis was preferable. In another study of the same prosthesis, Jennings and Livingstone reported on forty-three proximal interphalangeal joint implants in twenty-five patients followed for an average of thirty-seven months 18 ; 88% of the patients had a satisfactory result. The authors attributed eleven failures to a lack of cementation and also concluded that cementation was preferable. Bravo et al. reviewed the results of fifty press-fit pyrocarbon proximal interphalangeal joint prostheses in thirty-five patients 19 . At twenty-seven months, there was decreased pain and good patient satisfaction overall and an 8% revision rate.
We did not find favorable radiographic results or a lower failure rate with the use of cement for the prostheses in our study. Overall, there were eight implants with radiolucency, five implanted with cement and three without cement, and seven implants demonstrating subsidence, one with cement and six without cement. Our study suggested functional improvement when cement was used. There were unexplained trends toward greater postoperative grip strength and lower pain scores, as well as significantly lower DASH scores, in the cement group.
Although fourteen (27%) of fifty-one digits in patients who returned for follow-up had a total of twenty-two complications, only six of these digits progressed to failure. There was a total of eight failures when the deceased patients were considered. Analysis of the six failures in the patients who were able to return for follow-up indicated that it is possible that five of the failures could have been related to the surgical approach. The digits that failed as a result of flexor tenodesis or swan-neck deformity had been treated through a volar approach, whereas the digits that failed as a result of boutonnière deformity or severe flexion contracture had been through a dorsal approach. This suggests that refinements in the soft-tissue exposure for this procedure are warranted.
This was a long-term, retrospective, single-institution study with inherent limitations. Most notably, not all patients were interviewed postoperatively because eleven had died and twelve did not return for the examination because of infirmity due to age. We were able to obtain implant failure information from the medical records of the deceased patients. We were unable to obtain data on the twelve patients who were too infirm to return for examination. If these patients are somehow different from the patients who were included in our study, our results may be biased. Finally, we recognize that the association between the surgical approach and implant failure in our study may have been biased as the selection was not random and was potentially influenced by digital deformity.
Given the long-term nature of the follow-up, there were inconsistencies in the preoperative data such that comparisons of preoperative and postoperative proximal interphalangeal joint motion and grip strength were not possible. A specific weakness of this study was the limited preoperative pain assessment. Standardized pain measures were not applied to this patient population preoperatively, with the first patients having had surgery in the late 1970s. It was documented that preoperatively many of these patients had poor proximal interphalangeal joint motion and most had pain, giving us some idea of the limitations experienced by these patients prior to surgery.
The fact that a single surgeon performed the postoperative clinical follow-up of the patients in a nonblinded fashion is also a potential limitation of our study. The relatively small sample size resulted in limited power to detect associations of patient characteristics and surgical information with outcomes. The possibility of Type-II error is important to consider, and it is for this reason that we highlighted several potential associations that did not reach significance. Finally, the sample size also resulted in an inability to perform rigorous multivariate analysis evaluating which characteristics were independently associated with outcomes.
We provide evidence that the SR PIP implant has a low long-term failure rate, patients in whom this implant has been in service long-term have little pain, and infection did not occur. The majority of the patient outcomes, including implant survival, were not significantly affected long-term by the use of cement, although patients without cement had significantly greater disability at the time of follow-up. Implant failure in our series was related to the type of surgical approach; thus, further refinements in the soft-tissue exposure for this procedure seem warranted. We conclude that if proper surgical principles are followed [3] [4] [5] [6] [7] (see Appendix), the SR PIP is an appropriate treatment alternative for reconstruction of the proximal interphalangeal joint in older patients with osteoarthritis, while this device may not be as successful and should be used with caution in rheumatoid patients.
